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Lepton flavour at colliders 
experimental overview



I will now attempt a whistlestop tour through this subject matter

Talk overview
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Collider physics does not naturally lend 
itself to studying neutrino properties… at 
least until FASER𝛎 will be in full swing 

On the other hand the topic of lepton 
flavour is rather exciting these days 

The universality of electroweak lepton 
couplings in the Standard Model 

Searches for lepton flavour violation 

Connections to high-PT direct searches 
for BSM particles

8 June 2021 Feng 14

LOCATION, LOCATION, LOCATION
…

ALICE

OPAL

L3

DELPHI

ALEPH

SLD

D0

CDF

LHCb

CMS

ATLAS
FASER Pilot Detector

Suitcase-size, 4 weeks
$0 (recycled parts)

6 neutrino candidates

All previous 
collider detectors

Building-size, decades
~$109

0 neutrino candidates

Jonathang Feng Quarks 2021 Online Workshop

https://indico.quarks.ru/event/2020/contributions/795/attachments/685/767/2106quarks.pdf
https://indico.quarks.ru/event/2020/contributions/795/attachments/685/767/2106quarks.pdf


Universality of Z couplings established at permille level since LEP 
For W→𝝉𝛎 a longstanding tension of ~2.5𝛔 needed to be resolved however — exploit ttbar events at LHC!

Universality of SM lepton couplings
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Nature Physics volume 17, pages 813–818 (2021)
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Figure 3: Transverse impact parameter distributions of probe muons in the signal region The signal region used
to extract '(g/`) is enriched in di-lepton CC̄ events. The |3

`

0 | distributions for each signal region (left: 4–` channel,
right: `–` channel) and probe muon ?

`

T bin (top: 5 < ?
`

T < 10 GeV, middle: 10 < ?
`

T < 20 GeV, bottom:
20 < ?

`

T < 250 GeV) used in the analysis are shown. The data are represented by black markers, the di�erent
components contributing to this region, taken from simulation, are given by stacked histograms. The di�erent
contributions are the two primary process of interest used to extract '(g/`), `prompt from top quark decays, Prompt
` (top) and `

g (!`) from top decays, g ! ` (top). The main backgrounds are also shown. These are: events with
a `had, ` (hadron decay); events with a / boson decaying to a di-muon pair, / ! ``; events with a / boson
decaying to a di-g pair, / ! gg; and the grouping of all remaining Standard Model processes, Other SM processes.
Distributions are shown after the fit has been performed. The bottom panel shows the ratio of the data to the predicted
expectation after the fit. The uncertainties on the data are the Poisson errors due to the limited size of the data sample.
Blue bands indicate the ±1f systematic uncertainties on the prediction with the constraints from the analysis fit
applied. The empty blue arrows in the ratio panel indicate points where the ratio values lie outside the H-axis range
shown. The contribution from Other SM processes is dominated by di-boson and CC̄ ++ production. The chi-square
statistic values range from 3.5 to 10.2 for 8 degrees of freedom for the distributions.
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Figure 3: Transverse impact parameter distributions of probe muons in the signal region The signal region used
to extract '(g/`) is enriched in di-lepton CC̄ events. The |3

`

0 | distributions for each signal region (left: 4–` channel,
right: `–` channel) and probe muon ?

`

T bin (top: 5 < ?
`

T < 10 GeV, middle: 10 < ?
`

T < 20 GeV, bottom:
20 < ?

`

T < 250 GeV) used in the analysis are shown. The data are represented by black markers, the di�erent
components contributing to this region, taken from simulation, are given by stacked histograms. The di�erent
contributions are the two primary process of interest used to extract '(g/`), `prompt from top quark decays, Prompt
` (top) and `

g (!`) from top decays, g ! ` (top). The main backgrounds are also shown. These are: events with
a `had, ` (hadron decay); events with a / boson decaying to a di-muon pair, / ! ``; events with a / boson
decaying to a di-g pair, / ! gg; and the grouping of all remaining Standard Model processes, Other SM processes.
Distributions are shown after the fit has been performed. The bottom panel shows the ratio of the data to the predicted
expectation after the fit. The uncertainties on the data are the Poisson errors due to the limited size of the data sample.
Blue bands indicate the ±1f systematic uncertainties on the prediction with the constraints from the analysis fit
applied. The empty blue arrows in the ratio panel indicate points where the ratio values lie outside the H-axis range
shown. The contribution from Other SM processes is dominated by di-boson and CC̄ ++ production. The chi-square
statistic values range from 3.5 to 10.2 for 8 degrees of freedom for the distributions.
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Figure 3: Transverse impact parameter distributions of probe muons in the signal region The signal region used
to extract '(g/`) is enriched in di-lepton CC̄ events. The |3

`

0 | distributions for each signal region (left: 4–` channel,
right: `–` channel) and probe muon ?

`

T bin (top: 5 < ?
`

T < 10 GeV, middle: 10 < ?
`

T < 20 GeV, bottom:
20 < ?

`

T < 250 GeV) used in the analysis are shown. The data are represented by black markers, the di�erent
components contributing to this region, taken from simulation, are given by stacked histograms. The di�erent
contributions are the two primary process of interest used to extract '(g/`), `prompt from top quark decays, Prompt
` (top) and `

g (!`) from top decays, g ! ` (top). The main backgrounds are also shown. These are: events with
a `had, ` (hadron decay); events with a / boson decaying to a di-muon pair, / ! ``; events with a / boson
decaying to a di-g pair, / ! gg; and the grouping of all remaining Standard Model processes, Other SM processes.
Distributions are shown after the fit has been performed. The bottom panel shows the ratio of the data to the predicted
expectation after the fit. The uncertainties on the data are the Poisson errors due to the limited size of the data sample.
Blue bands indicate the ±1f systematic uncertainties on the prediction with the constraints from the analysis fit
applied. The empty blue arrows in the ratio panel indicate points where the ratio values lie outside the H-axis range
shown. The contribution from Other SM processes is dominated by di-boson and CC̄ ++ production. The chi-square
statistic values range from 3.5 to 10.2 for 8 degrees of freedom for the distributions.
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Figure 3: Transverse impact parameter distributions of probe muons in the signal region The signal region used
to extract '(g/`) is enriched in di-lepton CC̄ events. The |3

`

0 | distributions for each signal region (left: 4–` channel,
right: `–` channel) and probe muon ?

`

T bin (top: 5 < ?
`

T < 10 GeV, middle: 10 < ?
`

T < 20 GeV, bottom:
20 < ?

`

T < 250 GeV) used in the analysis are shown. The data are represented by black markers, the di�erent
components contributing to this region, taken from simulation, are given by stacked histograms. The di�erent
contributions are the two primary process of interest used to extract '(g/`), `prompt from top quark decays, Prompt
` (top) and `

g (!`) from top decays, g ! ` (top). The main backgrounds are also shown. These are: events with
a `had, ` (hadron decay); events with a / boson decaying to a di-muon pair, / ! ``; events with a / boson
decaying to a di-g pair, / ! gg; and the grouping of all remaining Standard Model processes, Other SM processes.
Distributions are shown after the fit has been performed. The bottom panel shows the ratio of the data to the predicted
expectation after the fit. The uncertainties on the data are the Poisson errors due to the limited size of the data sample.
Blue bands indicate the ±1f systematic uncertainties on the prediction with the constraints from the analysis fit
applied. The empty blue arrows in the ratio panel indicate points where the ratio values lie outside the H-axis range
shown. The contribution from Other SM processes is dominated by di-boson and CC̄ ++ production. The chi-square
statistic values range from 3.5 to 10.2 for 8 degrees of freedom for the distributions.
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Figure 3: Transverse impact parameter distributions of probe muons in the signal region The signal region used
to extract '(g/`) is enriched in di-lepton CC̄ events. The |3

`

0 | distributions for each signal region (left: 4–` channel,
right: `–` channel) and probe muon ?

`

T bin (top: 5 < ?
`

T < 10 GeV, middle: 10 < ?
`

T < 20 GeV, bottom:
20 < ?

`

T < 250 GeV) used in the analysis are shown. The data are represented by black markers, the di�erent
components contributing to this region, taken from simulation, are given by stacked histograms. The di�erent
contributions are the two primary process of interest used to extract '(g/`), `prompt from top quark decays, Prompt
` (top) and `

g (!`) from top decays, g ! ` (top). The main backgrounds are also shown. These are: events with
a `had, ` (hadron decay); events with a / boson decaying to a di-muon pair, / ! ``; events with a / boson
decaying to a di-g pair, / ! gg; and the grouping of all remaining Standard Model processes, Other SM processes.
Distributions are shown after the fit has been performed. The bottom panel shows the ratio of the data to the predicted
expectation after the fit. The uncertainties on the data are the Poisson errors due to the limited size of the data sample.
Blue bands indicate the ±1f systematic uncertainties on the prediction with the constraints from the analysis fit
applied. The empty blue arrows in the ratio panel indicate points where the ratio values lie outside the H-axis range
shown. The contribution from Other SM processes is dominated by di-boson and CC̄ ++ production. The chi-square
statistic values range from 3.5 to 10.2 for 8 degrees of freedom for the distributions.
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Figure 3: Transverse impact parameter distributions of probe muons in the signal region The signal region used
to extract '(g/`) is enriched in di-lepton CC̄ events. The |3

`

0 | distributions for each signal region (left: 4–` channel,
right: `–` channel) and probe muon ?

`

T bin (top: 5 < ?
`

T < 10 GeV, middle: 10 < ?
`

T < 20 GeV, bottom:
20 < ?

`

T < 250 GeV) used in the analysis are shown. The data are represented by black markers, the di�erent
components contributing to this region, taken from simulation, are given by stacked histograms. The di�erent
contributions are the two primary process of interest used to extract '(g/`), `prompt from top quark decays, Prompt
` (top) and `

g (!`) from top decays, g ! ` (top). The main backgrounds are also shown. These are: events with
a `had, ` (hadron decay); events with a / boson decaying to a di-muon pair, / ! ``; events with a / boson
decaying to a di-g pair, / ! gg; and the grouping of all remaining Standard Model processes, Other SM processes.
Distributions are shown after the fit has been performed. The bottom panel shows the ratio of the data to the predicted
expectation after the fit. The uncertainties on the data are the Poisson errors due to the limited size of the data sample.
Blue bands indicate the ±1f systematic uncertainties on the prediction with the constraints from the analysis fit
applied. The empty blue arrows in the ratio panel indicate points where the ratio values lie outside the H-axis range
shown. The contribution from Other SM processes is dominated by di-boson and CC̄ ++ production. The chi-square
statistic values range from 3.5 to 10.2 for 8 degrees of freedom for the distributions.
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Beautiful measurement by ATLAS with 1% systematic uncertainty (!) brings W→𝝉𝛎 into line with W→e/𝝁𝛎

Universality of SM lepton couplings

4

Nature Physics volume 17, pages 813–818 (2021)

Table 1: Sources of uncertainty The main sources of uncertainty on the measured value of '(g/`). The size of
the impact each uncertainty has on '(g/`) is assessed by fixing the relevant fit parameters for a given uncertainty
and re-fitting to data. The reduction in the total uncertainty in this modified fit gives the quoted impact. Di�erent
individual components used in the fit are combined into categories.

Source Impact on X(3/-)
Prompt 3`

0 templates 0.0038
`prompt and `

g (!`) parton shower variations 0.0036
Muon isolation e�ciency 0.0033
Muon identification and reconstruction 0.0030
`had normalisation 0.0028
CC̄ scale and matching variations 0.0027
Top ?T spectum variation 0.0026
`had parton shower variations 0.0021
Monte Carlo statistics 0.0018
Pile-up 0.0017
`
g (!`) and `had 3

`

0 shape 0.0017
Other detector systematic uncertainties 0.0016
/+jet normalisation 0.0009
Other sources 0.0004
⌫(g ! `aga`) 0.0023

Total systematic uncertainty 0.0109
Data statistics 0.0072

Total 0.013

The analysis was finalised prior to looking at the value of '(g/`) in data in order to minimise any bias. It
was also checked that the result is consistent with respect to di�erent channels, kinematic bins, data-taking
periods and the charge of the probe lepton.

The total systematic uncertainty is 0.011, including the uncertainty in the g ! `a`ag branching ratio,
and the statistical uncertainty is 0.007. Table 1 lists the di�erent contributions of systematic uncertainty
grouped into categories. The leading contributions come from the imperfect knowledge of the tail of
the |3

`

0 | distribution, the parton shower and hadronisation model uncertainty, and the muon selection
uncertainties.

The measured value of '(g/`) is

'(g/`) = 0.992 ± 0.013 [±0.007 (stat) ± 0.011 (syst)],

exceeding the precision from LEP which measured 1.070±0.026. The result is shown in Figure 4 alongside
the combination of LEP measurements. The present result agrees with the Standard Model expectation of
equal couplings for di�erent lepton flavours and the hypothesis of lepton-flavour universality.

This result surpasses the precision of the previous LEP result and resolves the tension they observed with
the SM prediction of lepton flavour universality. This precise measurement of '(g/`) achieved so far, this
is an example of the ability of the ATLAS experiment to perform high-precision measurements.
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ATLAS
-1 = 13 TeV, 139 fbs

LEP (Phys.Rept. 532 119)

ATLAS - this result
Statistical Uncertainty

Systematic Uncertainty
Total Uncertainty

Figure 4: Summary of ATLAS and LEP results The new ATLAS measurement of '(g/`) and the previous LEP
result [3] of the same quantity. The new measurement from ATLAS is shown by the black circular marker and the
LEP result by a red square marker. For the ATLAS result the statistical (yellow box) and systematic (blue box) errors
are shown separately along with the total error of the measurement (black bars). The total uncertainty on the LEP
result is indicated by the red bars. The vertical dashed line indicates the Standard Model’s prediction lepton-flavour
universality, with equal , boson branching ratios to di�erent lepton flavours.
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And yet anomalies persist

Apologies to teams whose b→sll results were omitted: blame HFLAV for not making a b→sll plot! 5

Algueró et al

Despite many measurements over the past 9 years a 3𝛔 tension persists in b→c𝝉𝛎 processes. 
Improved theoretical calculations have not resolved the tension. 

In b→sll processes recent evidence of lepton universality breaking is just one piece of a 
global tension with the Standard Model. So what is going on?

https://arxiv.org/abs/2104.08921
https://arxiv.org/abs/2104.08921


b→c𝝉𝛎 LU: most recent Belle result

Still statistically limited, in particular for RD. Single-measurement agreement with the SM at 0.8𝛔 6

Phys. Rev. Lett. 124, 161803 (2020)
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FIG. 1. EECL fit projections and data points with statistical uncertainties in the D
+
`
� (top left), D0

`
� (top right), D⇤+

`
�

(bottom left) and D
⇤0
`
� (bottom right) samples, for the full classifier region. The signal region, defined by the selection

Ocls > 0.9, is shown in the inset.

of the tagging algorithm between data and MC simula-
tion.

The EECL projections of the fit are shown in Fig. 1.
The fit finds R(D) = 0.307±0.037 and R(D⇤) = 0.283±
0.018, where the error is statistical.

To estimate various systematic uncertainties contribut-
ing to R(D(⇤)), we vary each fixed parameter 500 times,
sampling from a Gaussian distribution built using the
value and uncertainty of the parameter. For each varia-
tion, we repeat the fit. The associated systematic uncer-
tainty is taken as the standard deviation of the resulting
distribution of fitted results. The systematic uncertain-
ties are listed in Table I.

In Table I the label “D⇤⇤ composition” refers to the
uncertainty introduced by the branching fractions of the
B ! D

⇤⇤
`⌫` channels and the decays of the D⇤⇤ mesons,

which are not well known and hence contribute signifi-
cantly to the total PDF uncertainty. The uncertainties
on the branching fraction of B ! D

⇤⇤
`⌫` are assumed to

be ±6% for D1, ±10% for D⇤
2 , ±83% for D0

1, and ±100%
for D

⇤
0 , while the uncertainties on each of the D

⇤⇤ de-
cay branching fractions are conservatively assumed to be

±100%.

A large systematic uncertainty arises from the limited
size of the MC samples. Firstly, this is reflected in the un-
certainty of the PDF shapes. To estimate this contribu-
tion, we recalculate PDFs for signal, normalization, fake
D

(⇤) events, B ! D
⇤⇤
`⌫`, feed-down, and other back-

grounds by generating toy MC samples from the nominal
PDFs according to Poisson statistics, and then repeating
the fit with the new PDFs. Secondly, the reconstruc-
tion e�ciency of feed-down events, together with the ef-
ficiency ratio of signal to normalization events, are varied
within their uncertainties, which are limited by the size
of the MC samples as well.

The e�ciency factors for the fake D
(⇤) and Btag re-

construction are calibrated using collision data. The un-
certainties on these factors are a↵ected by the size of
the samples used in the calibration. We vary the factors
within their errors and extract associated systematic un-
certainties.

The e↵ect of the lepton e�ciency and fake rate, as
well as that due to the slow pion e�ciency, do not can-
cel out in the R(D(⇤)) ratios. This is due to the dif-
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TABLE I. Systematic uncertainties contributing to the
R(D(⇤)) results, together with their correlation.

Source �R(D) (%) �R(D⇤) (%) Correlation
D

⇤⇤ composition 0.76 1.41 �0.41
PDF shapes 4.39 2.25 �0.55
Feed-down factors 1.69 0.44 0.53
E�ciency factors 1.93 4.12 �0.57

Fake D
(⇤) calibration 0.19 0.11 �0.76

Btag calibration 0.07 0.05 �0.76
Lepton e�ciency 0.36 0.33 �0.83
and fake rate
Slow pion e�ciency 0.08 0.08 �0.98
B decay form factors 0.55 0.28 �0.60
Luminosity, f+�, f00 0.10 0.04 �0.58
and B(⌥(4S))

B(B ! D
(⇤)

`⌫) 0.05 0.02 �0.69
B(D) 0.35 0.13 �0.65
B(D⇤) 0.04 0.02 �0.51
B(⌧� ! `

�
⌫̄`⌫⌧ ) 0.15 0.14 �0.11

Total 5.21 4.94 �0.52

ferent momentum spectra of leptons and charm mesons
in the normalization and signal modes. The uncertain-
ties introduced by these factors are included in the total
systematic uncertainty.

We include minor systematic contributions from other
sources: one related to the parameters that are used for
re-weighting the semileptonic B ! D

(⇤)
`⌫ and B !

D
⇤⇤
`⌫ decays; and others from the integrated luminos-

ity, the B production fractions at the ⌥(4S), f+� and

f
00, and the branching fractions of B ! D

(⇤)
`⌫, D, D⇤

and ⌧
� ! `

�
⌫̄`⌫⌧ decays [26]. The total systematic un-

certainty is estimated by summing the aforementioned
contributions in quadrature.

In conclusion, we have measured the ratios R(D(⇤)) =

B(B̄ ! D
(⇤)

⌧
�
⌫̄⌧ )/B(B̄ ! D

(⇤)
`
�
⌫̄`), where ` denotes

an electron or a muon, using a semileptonic tagging
method and a data sample containing 772⇥106BB̄ events
collected with the Belle detector. The results are

R(D) = 0.307± 0.037± 0.016 (4)

R(D⇤) = 0.283± 0.018± 0.014, (5)

where the first uncertainties are statistical and the sec-
ond are systematic. These results are in agreement
with the SM predictions within 0.2� and 1.1�, respec-
tively. The combined result agrees with the SM pre-
dictions within 0.8�. This work constitutes the most
precise measurements of R(D) and R(D⇤) performed to
date and the first result for R(D) based on a semilep-
tonic tagging method. The results of this analysis, to-
gether with the most recent Belle results on R(D) and
R(D⇤) ([12, 14]) obtained using a hadronic tag, are com-
bined to provide the Belle combination, which yields
R(D) = 0.326 ± 0.034, R(D⇤) = 0.283 ± 0.018 with a
correlation equal to �0.47 between the R(D) and R(D⇤)

values. This combined result is in agreement with the
SM predictions within 1.6 standard deviations.
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collected with the Belle detector. The results are

R(D) = 0.307± 0.037± 0.016 (4)

R(D⇤) = 0.283± 0.018± 0.014, (5)

where the first uncertainties are statistical and the sec-
ond are systematic. These results are in agreement
with the SM predictions within 0.2� and 1.1�, respec-
tively. The combined result agrees with the SM pre-
dictions within 0.8�. This work constitutes the most
precise measurements of R(D) and R(D⇤) performed to
date and the first result for R(D) based on a semilep-
tonic tagging method. The results of this analysis, to-
gether with the most recent Belle results on R(D) and
R(D⇤) ([12, 14]) obtained using a hadronic tag, are com-
bined to provide the Belle combination, which yields
R(D) = 0.326 ± 0.034, R(D⇤) = 0.283 ± 0.018 with a
correlation equal to �0.47 between the R(D) and R(D⇤)

values. This combined result is in agreement with the
SM predictions within 1.6 standard deviations.
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b→cl𝛎 LU: we need more observables

Angular b→sll and b→cl𝛎 lepton universality tests are slowly starting. This is an area where Belle 2 has unique 
hadronic & semileptonic tag-side reconstruction capabilities, but LHCb will also have some sensitivity. Post-hoc 
analysis of Belle data by theory colleagues provides a strong motivation to publish our data in more detail! 7
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Muon 
Tau

Table 50: Expected precision for RD(⇤) and P⌧ (D⇤) at Belle II, given as the relative uncer-

tainty for RD(⇤) and absolute for P⌧ (D⇤). The values given are the statistical and systematic

errors respectively.

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

R(D)
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Fig. 70: Expected Belle II constraints on the RD vs RD⇤ plane (left) and the RD⇤ vs P⌧ (D⇤)

plane (right) compared to existing experimental constraints from Belle. The SM predictions

are indicated by the black points with theoretical error bars. In the right panel, the NP

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospects. Based on the existing results from Belle and the expected statistical

and experimental improvements at Belle II, we provide estimates of the precision on RD(⇤)

and P⌧ (D⇤) in Table 50 for two integrated luminosities. In Fig. 70, the expected precisions

at Belle II are compared to the current results and SM expectations. They will be compara-

ble to the current theoretical uncertainty. Furthermore, precise polarisation measurements,

P⌧ (D⇤), and decay di↵erentials will provide further discrimination of NP scenarios. In the

estimates for P⌧ (D⇤), we take the pessimistic scenario that no improvement to the sys-

tematic uncertainty arising from hadronic B decays with three or more ⇡0, ⌘ and � can

be achieved. However, although challenging, our understanding of these modes should be

improved by future measurements at Belle II and hence the systematic uncertainty will be

further reduced. As shown in Fig. 68, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the

EECL shape to discriminate between signal and background events. One possible challenge

at Belle II is therefore to understand the e↵ects from the large beam-induced background

on EECL. From studies of B ! ⌧⌫, shown earlier in this section, EECL should be a robust

observable.

the leptoquark model, a small deviation in RD(⇤) from the SM prediction is favoured by the LHC
bound [266]

176/688
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b→sll lepton universality tests

The data is mounting… almost entirely in one direction. Even baryon modes are entering the game. 
The latest LHCb analysis of RK provides the first single-measurement evidence for LU in b→sll decays! 8
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𝞚b→pKee/𝝁𝝁

Measurement compatible with SM but central value goes in same direction as meson b→sll decays. Showcases 
the unique capabilities of the LHC to access high-statistics heavy flavour baryon decays 9
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RK: first evidence for LU breaking

Electron efficiencies calibrated using a multi-step data-driven reweighting procedure, cross-checked differentially 
in 2D: the dilepton opening angle and maximum lepton momentum. Excellent stability observed with respect to 
a whole range of kinematic variables of interest. 10
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RK: first evidence for LU breaking

Could still be a fluctuation — Belle 2 input crucial but also fascinating to see what CMS (ATLAS?) can do! 11
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LU in context of angular b→sll analyses

LU breaking in b→sll transitions is part of a wider pattern of anomalies seen in angular b→s𝝁𝝁 analyses 
Latest high-statistics LHCb update of B0→K*0𝝁𝝁 confirms pattern of earlier deviations from SM picture 12
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Notice that this is not just about P5’ — pattern seen in FL is coherent and 
nearly as deviant! Interpretation as BSM physics or poorly understood 
hadronic effects remains controversial. (This is why link to the LU tests is 
so important, where hadronic effects cannot be the cause)
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Great to see CMS entering the K*+ game! 
Results in very nice agreement with the picture observed in the neutral K* meson analyses 13
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𝛗𝝁𝝁 angular analysis + branching fraction

Pattern again consistent with other b→sll angular analyses. At this point fair to say that nobody really thinks 
these are a pure fluctuation — but more data is needed to determine what they are. 14
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b→s𝛎𝛎: first results from Belle 2

Competitive limits set with only 63 fb-1 of on-resonance data! 15
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B→𝝁𝝁 legacy LHC measurements

A beautiful (and SM-compatible) legacy of Runs 1 and 2 16
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B→𝝁𝝁 legacy LHC measurements

Coherent with the SM-compatible C10 Wilson coefficient seen in b→s𝝁𝝁 angular analyses 17
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Searches for LFV

If we believe in evidence of LU should be natural to look for LFV! Many searches are ongoing 18
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Despite presence of missing neutrinos, can reconstruct a relatively sharp peak using tagging decays 
No signal seen and limits are set at 3.9⋅10-5 @ 90% CL 19
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Searches for LFV in Z decays

Most stringent limits on LFV decays of the Z boson 20
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Nature Physics volume 17, pages 819–825 (2021)
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Connection to high-PT searches

There is an immediate connection between the LU anomalies and direct searches at the LHC 21
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Fig. 85: Present constraints and HL(HE)-LHC projections in the leptoquark mass versus coupling plane for the
scalar leptoquark S3 (left), and vector leptoquark U1 (right). The grey and dark grey solid regions are the current
exclusions. The grey and black dashed lines are the projected reach for HL-LHC (pair and single leptoquark
production prospects are based on the CMS simulation from Section 10.4.5). The red dashed lines are the projected
reach at HE-LHC (see Section 10.4.6). The green and yellow bands are the 1� and 2� preferred regions from the
fit to B physics anomalies. The second coupling required to fit the anomaly does not enter in the leading high-pT

diagrams but it is relevant for fixing the preferred region shown in green, for more details see Ref. [265].

– Leptoquark decays: the fit to the R(D⇤
) observables suggest a rather light leptoquark (at the

TeV scale) that couples predominately to the third generation fermions of the SM. A series of
constraints from flavour physics, in particular the absence of BSM effects in kaon and charm
mixing observables, reinforces this picture.

– Leptoquark production mechanism: The size of the couplings required to explain the anomaly is
typically very large, roughly yq` ⇡ mLQ/ (1 TeV). Depending of the actual sizes of the leptoquark
couplings and its mass we can distinguish three regimes that are relevant for the phenomenology
at the LHC:

1. LQ pair production due to strong interactions,
2. Single LQ production plus lepton via a single insertion of the LQ coupling, and
3. Non-resonant production of di-lepton through t-channel exchange of the leptoquark.

Interestingly all three regimes provide complementary bounds in the (mLQ, yq`
) plane, see Fig. 84.

Several simplified models with leptoquark as a mediator were shown to be consistent with the
low-energy data. A vector leptoquark with SU(3)c ⇥ SU(2)L ⇥ U(1)Y SM quantum numbers Uµ ⇠
(3,1, 2/3) was identified as the only single mediator model which can simultaneously fit the two anoma-
lies (see e.g. [265] for a recent fit including leading RGE effects). In order to substantially cover the
relevant parameter space, one needs future HL- (HE-) LHC, see Fig. 85 (right) (see also Fig. 5 of [265]
for details on the present LHC constraints). A similar statement applies to an alternative model featuring
two scalar leptoquarks, S1, S3 [955]. The pair of plots in Fig. 85 summaries the current exclusion and
the discovery reach for the HE and HL-LHC in the LQ coupling versus mass plane.

Leptoquarks states are emerging as the most convincing mediators for the explanations of the
flavour anomalies. It is then important to explore all the possible signatures at the HL- and HE-LHC.
The experimental programme should focus not only on the final states containing quarks and leptons of
the third generation, but also on the whole list of decay channels including the off-diagonal ones (bµ,
s⌧, . . . ). The completeness of this approach would allow to shed light on the flavour structure of the
putative New Physics.

Another aspect to be emphasized regarding leptoquark models is that the UV complete models
often require extra fields. The accompanying particles would leave more important signatures at high

195

https://arxiv.org/abs/1812.07638
https://arxiv.org/abs/1812.07638


Searches for bsll couplings at high mass

Searches carried out in ee and 𝝁𝝁 (with 0/1 b jet) final states, no significant signal observed 22
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Direct searches for leptoquarks

No signal observed so far, beginning to probe region of interest for the B anomalies 23
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Jets + large MET

t𝝉𝛎 (+0/1 b-jet)

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/index.html


Direct searches for leptoquarks
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Conclusions

Get ready for an exciting Run 3! 25

Lepton flavour at colliders is a very hot topic at the moment 

First on the agenda will be to resolve the situation in b→sll decays, where further LHCb 
measurements can be expected even before Run 3 data becomes available 

Hope for Belle 2 to make an impact in the coming years 

Vital for us that CMS and ATLAS also enter this business in order to provide independent 
experimental validation of the picture 

Angular LU analyses should get going in the next years and add further information 

Similarly in b→cl𝛎 decays more measurements can be expected in the coming years. Again 
independent experimental validation of results will be crucial. 

Any signals of LU breaking necessarily imply LFV and set a mass scale for direct searches.



Backup
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